The theory of irreversible processes based on quantum statistical mechanics is formulated in th~ framework of the quautum field theory, for the purpose to investigate whether the hydrodynamical description is applicable to the meson cloud as considered in Landau's thoory of the multiple production of particles. The hydrodynamical quantities are defined from the field-theoretical operators. by means of the averaging procedures in quantum statistical mechanics. Through the discussions about the relation between the equation of state of meson-nucleon fluid ao.d the feature of interactions. it seems possible to conclude that at extremely high energy the equation of state assumed by Landau. holds in the case of the first kind of interactions {having the dimensionless coupling constants), while it is not the case in the systems with the second kind of interactions (having the coupling constants with dimension). In particular, the violation of Landau's equation would be serious in the case of interactions with derivatives. Next the formulae are presented to calculate the phenomenological co-· efficients to be considered as the representatives of the properties of the fluid. Such a formulation includes the calculations of the relaxation time, the time for a system to reach the local equilibrium. There the methods are also prepared to estimate deviations from the macroscopic values of physical quantities predicted by the hydrodynamics due to fluctuations. § 1. Introduction
collision, although it ·may be possible to explain the phenomena by other models and the above experimental results are not definite yet. Along Landau's line of thought, we consider the phenomena in such . a way that the hydrodynamical expansion will begin after the particles (or the proto-type of particles) have been rapidly produced in the initial excited. cloud. That is, the phenomena are to be understood in the following three steps. (i) Directly after the collision, the mesonnucleon cloud surrounding two colliding particles is suddenly excited into a furious thermal motion and goes rapidly into a local equilibrium because of strong interactions in high density. At the end of this period the cloud would be considered to be a system with the volume S2 ::::=. !20/E in the state of an approximate equilibrium, where !20 = ( 411/3) R 3 (R=Compton wave length of pion) and E is the incident energy in the centre-of-mass system. The effects of interactions in this period are taken into account only through the initial condition that demands one-dimensional motion of the cloud in a subsequent stage and the formation of a local equilibrium: (ii) The next period is characterized by the hydrodynamical expansion of the cloud, in which Landau has used the assumptions of the perfect fluid and the equation of state p=iE for the fluid, p and E being the pressure and the energy density, respectively. One may consider that the final interactions among diverging particles would be taken into account in the hydrodynamical equations. (iii) Since owing to the expansion the cloud becomes cold and dilute, there occurs the particle character and the cloud splits into free particles after cooled down to the critical temperature (equivalent to meson mass).
It seems true that the above line of consideration would be a. correct way to analyse the phenomena, because the experiments of the multiple production of particles in nucleonnucleon and nucleon-nucleus collisions may be interpreted by Landau's theozy. 2 > 3 > His theory is, however, only a phenomenological one, whose relations to the present quantum field theory cannot be clarified by itself. In the present paper we shall search the procedure to formulate the hydrodynamical equations in the framework of the quantum field theory and to investigate whether the experiments of the multiple production can be considered as a tool for testing the present field theory. Our main interest may lie in the following problems : (i) Does the present quantum field theory permit the hydrodynamical description for the motion of the meson-nucleon cloud ? (ii) Are the initial boundary conditions acceptable ?
(iii) What kind of equation of state and phenomenological equations should one assume, i.e., either the perfect fluid or the more complicated viscous one? (iv) How much deviations from the values predicted by Landau's theory are caused by fluctuations ?
Now one handles only a few quantities such as the local velocity, the pressure and the energy density, while the many quantum numbers must be required for description of the systems participated by many particles. This situation comes from the fact that the hydrodynamics is associated with the averaged motion of the system. Thus it needs the statistical mechanical methods for the irreversible processes as in the molecular theory of the ordinary fluids.
We shall firstly define the hydrodynamical quantities from the field-theoretical 
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operators on the analogy to Kirkwood's classical theory 4 l for the systems of non-relativistic particles and look over the types of equations of state for several systems with various interactions ( § 2). Next we shall obtain the formulae to calculate the phenomenological coefficients, such as the thermal conductivity and the viscosity coefficients, and the relaxation times ( § 3). Finally brief discussions will be given for estimation of the deviations due to fluctuations ( § 4) . In Appendix the macroscopic theory of the relativistic hydrodynamics is outlined together with the thermodynamics for irreversible processes. § 2. Definitions of hydrodynamical quantities and the equation of_ state As stated in Appendix, in order to describe the motions , of the meson cloud hydrodynamically, we must define the energy-momentum de~sity four-tensor T 1 ,v and the mass flow four-vector II'-in such a way that they have reasonable physical meanings. On the other hand the field theory is completely determined by the Lagrangian density L which is a function of field operators ; hence it is necessa~y to define T 1'-v and I~'-in terms of the quantum operators* derived from L. As the physical meanings of T ~'-v and II'-are well understood in the classical theory, we shall consider first the relativistic classical· theory which is a relativistic extension of Irving and Kirkwood's formalism 4 l. Next we shall go -on setting up a quantum mechanical analog of the classical theory.
· 1 Classical systems
We consider a classical system cons1stmg of N particles, the motion of which is described by relativistic mechanics. For the sake of simplicity we treat a free particle system without external fields and mutual interactions as the limiting case of very weak interaction, though the system in the complete absence of interactions never becomes the fluid. Now a state of the N-particle system Can be represented by a point in the 6N-dimensional phase space with 3N coordinates xl > x2,.ooxN and 3N momenta -A. P2 
Following the prescription (A·I2) and (A·I3) given in Appendix, we can derive from the above energy-momentum density tensor the heat flow and the internal stress to the fluid motion, we may just interpret it as the heat flow. For ( 2 · I4) t 1 ,., can be regarded as the internal stress tensor. As emphasized in Appendix, these quantities are designed to have the most definite meanings in the local rest system, that is, in the system u=O we get Let the operator ( 1/ -VT) ~± (x) be the plus or minus frequency part of the quantized free meson field ~ (x), which is connected with the creation or annihilation operator A± (x) as follows :
where Ep = J m 2 -V 2 and ve--;, ·is an operator defined by means of the Fourier transformation.
After subtraction of the zero point terms, it is natural to define the total mass.
operator and the total mass flow operator by * Irving and Zwanzig4l have made use of Wigner's distribution function for the purpose to extend
Irving and Kirkwood's method to the case of quantum theory. Hewever, it is so complicated that it is not: useful in the relativistic field.
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where p=---;-f7, and the total energy and the total momentum by operators
The density operators are, therefore, defined by the corresponding integrands, provided theappropriate symmetrization is performed.* Thus the mass flow operator is given by Now one may say in general that the prescription to obtain the hydrodynamical T", is the quantum statistical average of the symmetric energy-momentum tensor, subtracted· ·by its vacuum expectation value, derived from the Lagrangian. Consequently we can easily obtain T ~'-" in the case of the co-existing system of several fields. The mass flow is the sum of those of all fields. For example, the co-existing system of nucleon and meson fields has the mass flow (2. 20 1 ) where cp is the nucleon field with mass M and C/Jo is the charge-conjugate field.
· 3. Interacting quantized fields
In the present subsection we treat the interacting fields with the Lagrangian density L. According to the above considerations, it seems natural to define the hydrodynamical -energy-momentum density tensor T ~~o> by 
in which fl±(x, 1J) =S-1 (1J);±<ol (x)S(1J) is the plus or mmus frequency part of the operator defined by Yang and Feldman 5 l 6 l and x must be put on IJ after the differentiations. Now the mass flow (2 · 29) satisfies the equation
Although there may be some ambiguities in the definition of the mass flow, the discussions below will not suffer essential alterations. In spite of the existence of the interaction, in these two cases the equation of state has the same form as that of the free field. Consequently one may expect that at extremely high energy the equation would reduce to the simple form (2 ·16) assumed by Landau. *** However, one may say that, if the higher energy parts of the interaction were cut off in the future theory, the equation, 3p=E, would still hold at the extremely high energy even in the case of derivative couplings.
It may be expected that, because of strong interactions in high density, the initial excited cloud would go rapidly into a local equilibrium which is determined by some thermodynamical parameters such as temperature but is irrelevant to the details of the initial condition. In order that the cloud can be regarded as fluid, it is necessary that .the time spent till the formation of local equilibrium, namely, the relaxation time in the .terminology of statistical mechanics is very short in comparison with the diffusion time of ·the substantial parts of the cloud. Furthermore, the rate of change from the local equilibrium to the macroscopic one is closely related to the phenomenological coefficients, such as the viscosity coefficients and the thermal conductivity, together with the above relaxation times. Thus some essential parts of the problems presented in § 1 would be able to be handled in the framework of the quantum statistical mechanics of irreversible processes developed by Kubo, Nakano, Nakajima and othersR>.
.. 1 Outline of the statistical mechanics of irreversible processes.
Following Nakajima's formalisms>, we start from the density matrix
for the local equilibrium, where .fJ is the free energy d~termined by the condition T r (p) = 1 and fi= (1/kT (3 ·4) where where r is the time passed till the macroscopic equilibrium revives, namely,
By the definitions (3 · 3) , (3 · 6) can be rewritten in the form
which is to be compared with (A· 24) . Here it is noted that we have chosen the operators, a,.'s, with the vanishing average values in the equilibrium.
Phenomenological relations for the meson-nucleon clovd.
In the present subsection, we shall derive the phenomenological relations as those given in Appendix by means of the prescription outlined in the preceding subsection. Since the coefficients contained in them are invariant as shown in Appendix, we have only to calculate them in each local res~ system at each point.
Here we shall derive the formulae of the thermal conductivity and the viscosity coefficients in the absence of mass action. In the rest system, the heat flow becomes q = (g) and is related to the temperature gradient as (3 ·11) * while the internal stress is given by tik=(T,k) and * In the absence of external field&, it is easily shown that the functions K and Y depend only on the
Here it is noted that these equations are to first order of the temperature gradient or the deformation velocities. Strictly speaking, we should investigate the order of magnitude of their higher order terms, bl!t we shall not enter in this ,point, although Nakajima's formalism perhaps permits us to calculate such non-linear terms. If the temperature gradient and the deformation velocities are constant arround a point, we have the so-called conductivity and viscosity coefficients such as
respectively.
In a small region around the point in consideration, the state of the meson-nucleon cloud is considered to be in a local equilibrium deviating from an equilibrium with the definite temperature 1 j p and the zero local velocity by L1 p (x) in reciprocal temperature and by Llu (x) in velocity. Hence the calculations have to be performed only in a considerably large system which have the same variations in temperature and velocity as in above small region of the cloud. For the sake of simplicity we first neglect the cross effect between the heat flow and the mass flow. In this case we must take the choice of An and an in the preceding subsection as follows :
Thus we get 
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By making use of ( 3 · 14) and the integration by parts, the . above equation turns to (3 ·11), namely, The first term in the right-hand side of (3 · 17) turns to the hydro-static pressure p, bu, on account of the isotropy of the fluid. Taking the same property of the fluid into account, we can easily show that the last term does not contain the anti-symmetric part of the tensor f71u.,. and that the tensor Y,k.lm is reduced to the sum of two scalars corresponding to the decomposition of the symmetric part of f71um such as
Consequently, one can obtain the desired form (3 ·12) with
In order to obtain the phenomenological relations with the more general form as given in Appendix, we shall mention below a straightforward but somewhat formal method.
Although A.. and a.,. are usually chosen as
it is convenient to make use of the form
Of course this choice ( 3 · 21) is equivalent to the former if we take into account the formal integration with respect to t of the equations
and the integration by parts. We shall not consider the mass action, because we do not know whether the phenomena occurring in the meson cloud can be represented by the chemical reaction as mentioned in Appendix. Such a discussion will be given elsewhere.
Thus our choice of A .. and a .. is as expressed in Table I , where X .. and ] .. are also tabulated. By making use of such choice, the formula (3 ·10) allows us to obtain (3 ·12),
and Table I . Choice of variables.
II(,.
x ..
where the coefficients are given by (3·16), (3·19), (3·20), 
. Discussions
In the previous sections we have shown the procedures how to formulate the hydrodynamical aspect of the meson-nucleon cloud in the framework of the present quantum field theory and the statistical mechanics of irreversible processes. Besides these, in order· to be able to regard the meson-nucleon cloud as real fluid, the following three conditions must be satisfied :
(i) As we mentioned in § 3, it is necessary that the relaxation time is very short in comparision with the diffusion time of the substantial parts of the cloud, that is, the· inequality 'Z'";ps;p'Z'"0 (p. 603) is to be satisfied.
(ii) The fluctuation around the average value of a quantity must be smaller than the average value : Since the hydrodynamics is constructed on the average values of some quantities, it is true that the fluctuations cannot be estimated in the formulation so far considered, but the estimation of the fluctuations is to be taken into account in the· derivation of the phenomenological equations. For simplicity, consider only one variable~ so that the phenomenogical equation becomes simply (4 ·1) We restrict ourselves to first order of the thermodynamical force X causing the flow (a),. we must utilize the phenomenological equations after justifying* the smallness of the fluctuations.
(iii) The quantum fluctuation around the average value of a quantity in a small volume must be smaller than the average value : we need to take an average procedure over a small volume around the point x such as <go (x) ), as pointed out in the footnote for (2 · 27). Since in the case of the multiple production such a volume must be small in comparison with the dimension of the meson cloud, the fluctuations of the quantized fields localized in it might become so large that we could not permit the hydrodynamical scheme. Optimistically speaking, however, one may believe that there is an appropriate averaging volume with the dimention acceptable in the hydrodynamical aspect, because the high density of the meson-nucleon cloud would reduce the quantum fluctuations considerably. In other wards, we may choose the functions An (x) 's for the density matrix (see the footnote for (2 · 27)) which are slowly varying in such a volume and compatible with condition < ;;;> s ;;;> < 0•
The detailed calculation will be done in a succeeding paper. Finally we remark the semi-phenomenological procedures to follow the temporal change of the fluctuations by means of Onsager's idea. 9 > It starts from the assumption that the fluctuations of the quantity a-< a )o is described by the c-number random variable d~ 1 dt, obeying a sort of the Langevin equation
Here the fluctuation force F is tentatively characterized by the following statistical natures :
Probability for the appearance of F ex; exp (-r P) , where < F 2 ) is independent of time and r a constant determined by the temperature.
Such a stochastic process is a stationary Marcoff one with the Gauss distribution. Consequently the temporal development of the probability for finding a value of ~ can be described by the so-called Fokker-Planck equation derived from ( 4 · 4) and ( 4 · 5 ro>. Discussions along this line may be useful for the study of the deviations from the hydrodynamical results for the case in which the cloud splits into free particles before the equilibrium.
The detailed properties of the meson cloud will be discussed in the succeeding paper.
Appendix. Phenomenological theory of relativistic hydrodynamics
The macroscopic theory of a continuous system starts from the densities of energy, momentum and mass flows defined by an appropriate prescription. In order to make such densities obey the well-known trallljport equations, we must introduce the internal stress as a force transmitting the momentum and the heat flows, the latter being the residual part of the energy transport subtracted by the mechanical work. The general transport equations are the fundamental laws themselves (that is, the conservation law of energy, the equation of motion and the equation of continuity) irrespective of the detailed properties of matter. In order .to take the detailed macroscopic properties of the matter into account, we must require the phenomenological relations, for example, Fourier's law of heat con· duction. The fluid state is to be also represented by such relations. The transport equations supplemented by such relations become a solvable system of equations, for exaple, Navier-Stokes' equation. The thermodynamical quantities (temperature, pressure and so on) of the fluid may be defined through the following measurement. Let the small volume of the fluid surrounding the point in consideration be into contact with a system in thermal equilibrium. Then, if no thermodynamical change takes place, the temperature and the pressure of this system are considered to be those of the fluid at this point. (When such a measurement has the definite meaning, the fluid is, of course, in a local equilibrium.) Consequently, the physical meanings of the quantities in the relativistic hydrodynamics could be properly interpreted in the local rest system. Now, in the relativistic hydrodynamics, the energy density g0 and the momentum density g (or the energy flow f) are unified into the energy-momentum density four-tensor T ~· • by the following connections : where A<>~> is the rate of increase of the mass for the i-th constituent.
In hydrodynamics an important quantity derived from T fl." or ]fl. is the local velocity of the fluid. Though its definition is trivial in the non-relativistic theory, it is not the case in the relativistic one. Since in the relativistic case the energy flow causes the momentum transport, the momentum of the system never vanishes even in the absence of movement of particles if the pure heat flow exists. Consequently, there are two ways to define the local velocity of the fluid, that is, (i) by 'the mass flow 11 > and (ii) by the momentum density 12 >. On the former standpoint one must permit the local rest system with non-vanishing momentum, while on the latter standpoint there is the mov:ement of the substances in the local rest system. In the present paper we define the local velocity u by the mass flow, that is,
ii (x, t) =]ex, t) 1 lo (x, t) (A·S)
which is interpreted as the center-of-mass velocity of the small volume surrounding the point x at time t. Hence one obtains the local four-velocity Ufl.,
Since U~'-2 = -t! and Ufl. is a four-vector, the velocity u is transformed like a particle velocity under the Lorentz transformation. The relation between ]~'-and U~'-is also rewritten as
where p= (11c) -V-J~'-2 and (I= (1lv) are the invariant density of the' mass distribution and the specific volume of the fluid, respectively. Using the local rest system, we can determine at each point in the fluid the local rest system, in which all physical quantities are to be defined through the correspondence to the non-relativistic theory. First we define the concentration c<>~> a.nd the relative flow 
where E is the invariant energy density, becoming -T 44 in the rest system, and q~'-the heat flow, turning to (g, 0) in the rest system. They are explicitly defined by 
